Abstract Formation of aldehydes and trihalomethanes during intermediate ozonation of water pretreated with ozone and polyaluminium-chloride was monitored in a pilot-scale study to optimize the drinking water treatment technology. The raw water was the groundwater, rich in natural organic matter, originated from the territory of the Northern Banat region in Vojvodina Province, Serbia and Montenegro. Monitoring of the parameters that have to meet prescribed criteria (permanganate value, TOC and THMFP removal) could not give an indication on how to split the required ozone dose between preozonation and intermediate ozonation.
Introduction
It is well known that the ozone dose can be established on the basis of either disinfection (Ct concept) or oxidation-related (organic matter removal, formation of disinfection byproducts, etc) criterion. For the groundwater that is microbiologically safe and rich in natural organic matter (NOM) the relevant oxidation-related criteria are: total organic carbon (TOC), permanganate value, trihalomethane formation potential (THMFP), colour, UV 254 absorbance, by-products formation, etc. Pilot testing is the only way to find the optimal ozone dose and best treatment train. Yugoslav norms (Anon., 1998) set the maximum allowable permanganate value of 8 mg KMnO 4 /l. Total trihalomethane concentration in finished water must not exceed 40 µg/l and for formaldehyde maximum allowable concentration is 900 µg/l. Ozonation conditions generally employed in drinking water treatment are rarely sufficient to form high concentrations of aldehydes that are toxic (WHO, 2000) but they are high enough to make NOM more biodegradable (Le Chevallier et al., 1992; Kim et al., 1997) . Krasner et al. (1993) showed the existence of a good correlation between the aldehyde content and assimilable organic carbon (AOC). Biodegradability of NOM is one of the key factors influencing the granular activated carbon (GAC) filtration Weinberg et al., 1993) , filter bioactivity (Bablon et al., 1991) and microbiological quality of water (Easton, 1993; Van der Kooij and Veenedaal, 1994; Liu et al., 2002) . Siddiqui et al. (1997) reported optimal values for biodegradable organic carbon with an ozone dose of 1 mgO 3 /mg dissolved organic matter. However, when applying biological filtration one has to take into account the potential appearance of microbiological by-products yielding an increase in the potential of assimilable organochlorine compounds formation (Kainulainen et al., 1995) and potential formation of mutagenic glyoxal on GAC filters (Yamamori et al., 1993) . It has been shown that GAC filtration aiming at glyoxal removal should be slow, as this is more difficult to remove than other aldehydes. One of the questions concerning the use of ozone is where to put it in the treatment train. If preozonation is employed, ozone demand will be higher. Intermediate ozonation results in smaller ozone consumption, more efficient use of ozone and improved by-products precursor control, but cannot provide sufficient AOC control (Bablon et al., 1991) . The aim of this work was to show that the formation of aldehydes can be a relevant criterion for determining the preozonation dose within the drinking water treatment train involving intermediate ozonation for particular groundwater originated from the Northern Banat region of Vojvodina Province, Serbia and Montenegro.
Materials and methods

Water treatment
The raw water was the groundwater from the territory of Northern Banat in Vojvodina Province (well depth of 160-220 m). The experiments were performed within the pilotscale studies to optimize the drinking water treatment technology (preozonation, coagulation with polyaluminium chloride (PACl), sedimentation, filtration through dual media filters, intermediate ozonation, and GAC filtration). The working capacity of the pilot plant was 2 m 3 /h. Coagulation and flocculation were carried out using PACl in a concentration of 10 g Al/m 3 (fast stirring with 180 rpm during 1-2 min), whereas the residence time in the flocculation tank was 20 min at slow stirring (22 rpm). The major portion of the floccules after coagulation and flocculation was removed by settling (detention time 75 min). The rest of the floccules were removed by filtration on dual media filters (sand/anthracite) at the filtration rate of 6-9 m/h. Preozonation of raw water (concurrent flow of gas and water and 4 min detention time) and intermediate ozonation of coagulated water were carried out in a polyethylene column contactor (6 m height). Ozone was introduced into the system by injecting ozonized air (ozonizer capacity 20 g O 3 /h). Calculated ozone dosages were in the range 0.6-8.9 g O 3 /m 3 .
Analytical methods
Ozone contents in the inlet and outlet gases were determined by the standard iodometric procedure (Standard Methods for the Examination of Water and Wastewater, 1995) . Ozone dosage was calculated from the difference between them. Formation of by-products was monitored after the stage of intermediate ozonation by measuring aldehyde concentration (formaldehyde, acetaldehyde, glyoxal and methylglyoxal) and THMFP by GC/MS technique. The analytical method employed for aldehydes has been described in detail by Ivancev-Tumbas and Dalmacija (2001) . THMFP was determined upon chlorination with 3-38 mg Cl 2 /l in accordance with the standard procedure after liquid-liquid extraction by GC/MS technique. The chromatographic conditions were as follows: column ultra-2, 25 m × 0.2 mm × 0.33 µm; He flow rate 1 ml/min; HP 5890 GC series II with 5971 MSD; injector temperature 250°C; detector temperature 280ºC. The initial column temperature of 35ºC was held for 10 min and then raised to 58ºC (4ºC/min) and held for 5 min. Further increase was made at a rate of 4ºC/min to 80ºC and held for 0.25 min. Fluorobenzene was used as the internal standard. Average values for recoveries (15 spiked samples with 7.0 µg/l of each trihalomethane) were: for chloroform 131.4 ± 6.6%, for bromodichloromethane 100.0 ± 6.4%, for dibromochloromethane 91.4 ± 7.5% and for bromoform 87.0 ± 8.4%.
Results and discussion
Characteristics of raw water were: TOC value 5.1 ± 0.8 mg/l (n = 8); permanganate value 19.0 ± 1.4 mg/l (n = 400); UV 254 0.211 ± 0.007 cm -1 (n = 72); THMFP 273 ± 73 µg/l (n = 26), and total aldehydes content 2.4 ± 1.8 µg/l (n = 10). Alkalinity was 9.5 ± 0.2 mval/l (n = 10). Coagulation with PACl decreased the content of NOM (53% decrease of permanganate value, 60% decrease in both TOC and THMFP). This was not sufficient, however, to achieve the quality defined by Yugoslav regulations, so the ozonation process had to be investigated. For this particular groundwater, the oxidation parameters were relevant criteria for establishing the ozone dose. The effect of water treatment on by-product formation can be seen from Figures 1 and 2 and Table 1 .
Aldehyde concentrations (Figure 1 ) are far below the maximum allowable concentration and do not limit the application of any treatment train. From Figure 2 it can be seen that THMFP of raw water decreased by increasing the ozone dose to close to 1 mg O 3 /mg TOC. After that, an increase in THMFP was observed. For the water after coagulation, THMFP is independent of the ozone dose. Preozonation with 0.2 mg O 3 /mg TOC showed a small increase in THMFP, but subsequent ozonation decreased further the THMFP value below the level obtained for water treated by coagulation and intermediate ozonation. When an ozone dose of 0.8 mg O 3 /mg TOC was applied, preozonation did not influence THMFP but the subsequent ozonation decreased it, while for a dose of 0.4 mg O 3 /mg TOC the THMFP value was the lowest. However, further intermediate ozonation increased it even above the values corresponding to lower preozonation dosages. Generally, similar results for the THMFP value were obtained for all three preozonation dosages. So, the logical conclusion was that the best practice for THMFP removal is the usage of intermediate ozonation (ozone doses from 1.0 to 1.5 mg O 3 /mg TOC) regardless of the dose in preozonation (preferably, usage of the smallest dose because of the smallest treatment costs). If necessary, because of the smallest THMFP, a dose of 0.4 mg O 3 /mg TOC in preozonation can be applied. A closer look at the results of aldehyde measurements (Table 1 and Figure 1 ) clearly shows that if the goal is to obtain an inflow water for GAC filtration with lowest aldehydes concentration (probably, with lower AOC content) the best preozonation dose is ≥0.4 mg O 3 /mg TOC.
In that case, there will be no specific ozone dose for maximum aldehyde production, and their content will be similar during intermediate ozonation regardless of the ozone dose. Distribution of particular aldehyde content is dependent on the ozone dose applied and, irrespective of the fact that aldehyde concentrations in water were lowered by coagulation, an increased specific content of aldehyde (in µg of aldehyde/mg TOC) was observed in some measurements, as in our previous work (Ivancev-Tumbas and Dalmacija, 2001) . Preozonation with 0.2 mg O 3 /mg TOC combined with coagulation increased the specific content of mutagenic glyoxal from 1 µg/mg TOC to 3.5 µg/mg TOC (Figure 3 ). This means that the organic matter that remained in the water more readily gave glyoxal during ozonation. Its formation is unfavourable (Yamamori et al., 1993; Weinberg et al., 1993) . Preozonation also induced an increase in specific content of acetaldehyde and methylglyoxal. Changes in specific content of the sum of four aldehydes are given in Figure  4 . For intermediate ozonation with 1-2 mg O 3 /mg TOC the smallest quantity of organic matter that will yield aldehydes will be after the treatment with ≥0.4 mg O 3 /mg TOC in preozonation plus PACl coagulation. So, we concluded that the preozonation dose should be at least 0.4 mg O 3 /mg TOC to realize the goal of the smallest THMFP with the expected efficient control of aldehyde content and, probably, of AOC.
Conclusions
It can be concluded that irrespective of the fact that ozonation conditions generally employed in drinking water treatment are rarely sufficient to form high concentrations of aldehydes, monitoring of their formation may be a useful tool for technology optimization. Similar effects obtained for different drinking water treatment trains regarding overall parameters such as TOC, permanganate value or even THMFP, were insufficient criteria for making a choice of the best practice regarding splitting of the ozone dose between preozonation and intermediate ozonation for further pilot testing. Monitoring of four aldehydes in a groundwater rich in NOM clearly showed that preozonation should be performed with a dose ≥0.4 mg O 3 /mg TOC if the goal is to obtain the water with smallest content of aldehydes (probably AOC), acceptable THMFP, and smallest specific content of glyoxal in the GAC filter influent. 
